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Utilizing the non-coherent quantum transport formalism, we investigate thermoelectric perfor-
mance across dissipative superlattice configurations in the linear regime of operation. Using the
dissipative non-equilibrium Greens function formalism coupled self-consistently with the Poisson’s
equation, we report an enhanced figure of merit zT in the multi-barrier device designs. The pro-
posed enhancement, we show, is a result of a drastic reduction in the electronic thermal conductance
triggered via non-coherent transport. We show that a maximum zT value of 18 can be achieved via
the inclusion of non-coherent elastic scattering processes. There is also a reasonable enhancement
in the Seebeck coefficient, with a maximum of 1000 µV/K, which we attribute to an enhancement
in electronic filtering arising from the non-coherent transport. Distinctly the thermal conduction is
drastically reduced as the length of the superlattice scales up, although the power factor shows an
overall degradation. While the presence of interfaces is known to kill phonon thermal conduction,
our analysis shows that non-coherent processes in superlattice structures can effectively kill elec-
tronic thermal conduction also. We believe that the analysis presented here could set the stage to
understand better the interplay between non-coherent scattering and coherent quantum processes
in the electronic engineering of heterostructure thermoelectric devices.
I. INTRODUCTION
Thermoelectric (TE) materials, structures or devices
are typically assessed via the dimensionless figure of merit
zT = S2σ/(κel + κph) that is directly related to its en-
ergy conversion efficiency. Here S is the Seebeck coeffi-
cient (thermopower), σ the electrical conductivity, κel(ph)
the electronic (phonon) contribution to the thermal con-
ductivity and T the operating temperature1–3. In the
past two and a half decades, a great deal of research has
been carried out in pursuit of an increase in zT , from
the conventional bulk to nanostructured thermoelectric
materials4–6.
Using nanostructuring concepts, a higher value of zT
was shown to be achieved by either increasing the nu-
merator or decreasing the denominator part of the figure
of merit definition. The numerator is called the power
factor (PF = S2σ), which mainly constitutes electronic
transport in the ballistic or diffusive limit7. The denom-
inator part is a combination of thermal conduction due
to electrons as well as phonons, so there is a trade-off
between the PF and the thermal conductivity8–12. An
important direction enroute, apart from engineering the
reduction of phonon thermal conductivity via enhanced
scattering at nano-interfaces6,13,14, has been in the direc-
tion of low-dimensional nanostructuring to enhance the
electronic figure of merit via a distortion in the electronic
density of states15–23.
As an ultimate example of electronic engineering, it
was mathematically proposed that a Dirac-delta trans-
port function can lead to an infinite electronic figure of
merit and a conversion efficiency tending to the Carnot
limit24. But, the electrical power drawn at this ef-
ficiency would be zero in accordance with reversible
thermodynamics, whereas, the ideal thermoelectric ef-
fect is an irreversible process accompanied by a finite
power generation9,25,26 . In this context, it was clearly
postulated27,28 that under the situation of drawing the
maximum power at a given efficiency, the ideal electronic
transmission would assume a ’box car’ or a band pass fil-
tering shape. In this context, a superlattice structure fits
very well where mini-bands can be engineered to assume
the box car transmission function.
While the idea to use superlattice (SL) structures in
thermoelectrics was proposed to enable the suppression
of the cross-plane thermal conduction without affect-
ing the condition that enhances the electronic power
factor29,30, the idea of using mini-bands in SL struc-
tures was also recently proposed in various theoretical
efforts31–34. It is noted that the phonon mean free path is
greater than the size of nanostructures, while the electron
mean free path is smaller7,35, giving plenty of room for
electronic engineering36. While the previous works31–34
focused on the analysis in the ballistic regime, we advance
the framework to examine various superlattice struc-
tures depicted in Fig. 1 in the dissipative regime14,37,
in the presence of electron phonon interactions treated
in the form of Bu¨ttiker probes36,38. Most importantly,
the systematic introduction of scattering processes puts
us into an interesting perspective where the effects of
coherent processes like tunneling and mini-band forma-
tion compete with the relaxation processes induced via
scattering14,37.
In the realm of proposed SL structures, elec-
tronic analogs of the optical concept of anti-reflective
layers32,33,39,40 have also been proposed recently and an-
alyzed in detail as potential candidates for enhanced TE
performance. In this paper, we consider normal and anti-
reflective superlattice structures32,33,39,40 that are opti-
mally configured in order to analyze the TE properties.
We use the miniband transmission feature of the super-
lattice to set the device Fermi energy level for positive TE
transport33,41,42. Using the non-equilibrium Greens func-
tion(NEGF) formalism coupled self-consistently with the
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2Poisson’s equation, we report an enhanced figure of merit
zT in the multi-barrier device designs. The proposed en-
hancement is a result of a drastic reduction in the elec-
tronic thermal conductance triggered via non-coherent
transport. We show that a maximum zT value of 18
can been achieved via the inclusion of non-coherent elas-
tic scattering processes in the electron transport. There
is also a reasonable enhancement in the Seebeck coef-
ficient, with a maximum of 1000 µV/K, which we at-
tribute to an enhancement in electronic filtering arising
from the non-coherent transport. Distinctly the thermal
conduction is drastically reduced as the length of the su-
perlattice scales up, although the power factor shows an
overall degradation. While the presence of interfaces is
known to kill phonon thermal conduction, our analysis
shows that non-coherent processes in superlattice struc-
tures can effectively kill electronic thermal conduction
also. We believe that the analysis presented here could
set the stage to understand better the interplay between
non-coherent scattering and coherent quantum processes
in the electronic engineering of heterostructure thermo-
electric devices.
II. SUPERLATTICE STRUCTURE AND
COMPUTATIONAL FORMALISM
Figure 1 shows the schematic of a heterostructure ther-
moelectric device set up, where the two contacts are
maintained at temperatures TH (hot) and TC (cold), re-
spectively. For building the heterostructure, we choose
the GaAs/AlGaAs material system because the lattice
constant and the conduction band effective masses are
almost the same at small proportion of Al in GaAs. The
central channel region of the superlattice configuration
in Fig. 1(a), depicts an alternate well-barrier structure
in the transport (zˆ) direction, labeled as Normal SL.
The overall device size depends on the number of bar-
riers used, where one unit consist of a barrier of thick-
ness b and a well region of width w, successively. Sim-
ilarly, Fig. 1(b), labeled ARSL (anti-reflective SL), de-
picts the normal superlattice (NSL) configuration in ad-
dition with the two extra half barriers (b/2) or the anti-
reflective barriers are attached at both the ends after a
well region32,33,39,40. We perform a one dimensional car-
rier transport simulations along the zˆ direction in the
described SL configurations. To calculate the thermo-
electric parameters, we operate our devices in the linear
response regime. In this scenario, the thermoelectric di-
mensionless figure of merit for electronic transport only
is calculated as
zTel =
S2G
GK
Tavg, (1)
where S being the Seebeck coefficient, G, and GK are the
electrical and thermal conductances across the device.
Here, Tavg is the average temperature of the hot (TH) and
cold (TC) contacts. To calculate the quantities in (1), we
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FIG. 1. Device schematics: A finite superlattice structure
in the central channel region is sandwiched between the two
contacts that maintained at two different temperatures TH
(hot) and TC (cold), respectively. Here, w is the width of
the well region, and b is the barrier thickness. (a) Normal
SL is the regular heterojunction structure having a constant
well width and barrier thickness. (b) The AR-SL is the anti-
reflection enabled SL, in which two additional barriers of half
the thickness of a regular barrier is attached after a well width
at both the ends.
invoke the coupled charge and heat current equations in
the linear regime of operation22,36, given as
I = G∆V +GS∆T, (2)
and
IQ = GP∆V +GQ∆T. (3)
In general, the quantities G, GS , GP , GQ are related
to the Onsager coefficients36, under an applied bias ∆V
and a temperature difference ∆T .
To calculate these transport coefficients, we employ
the dissipative non-equilibrium Green’s function (NEGF)
formalism self-consistent with the Poisson charging
effect38, elaborated in Fig. 2. The simulation starts
with the formation of device Hamiltonian [H] obtained
herewith the nearest neighbor tight-binding model. The
variation in SL configurations is captured in the form
of device potential profile Ec(z). The general dissipa-
tive model of quantum transport starts with the energy-
resolved retarded matrix representation of the retarded
Green’s function [G(E)], given by
[G(E)] = [EI−H − Ec − U − ΣH − ΣC − ΣS ]−1, (4)
where E is the energy of the electronic wave function, I
is the identity matrix, ΣH , and ΣC are the self-energy
matrices of hot and cold contacts, respectively. For the
electron-phonon interaction, the scattering matrix [ΣS ]
is calculated as
[ΣS ] = −ι [ΓS ]
2
= ι
[ΣinS ] + [Σ
out
S ]
2
, (5)
where [ΣinS ] and [Σ
out
S ] are the in-scattering and the out-
scattering matrices which model the rate of scattering
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FIG. 2. Simulation flow: The blocks depict the simulation for-
malism starting with the input device Hamiltonian and poten-
tial profile. The calculation takes the initial guess of voltage
U and the scattering matrix ΣS as input. In the represen-
tation, there are two options:- D0 = 0 (coherent transport)
and D0 6= 0 (non-coherent transport). To solve the trans-
port equation coherently, the bigger loop indicating D0 = 0 is
active, in which the electron density (n) is directly provided
to the Poisson’s solver after the NEGF block. On the other,
if D0 6= 0, first, the NEGF and the interaction blocks are
solved self-consistently and thus provide the electron density
(n) to the Poisson’s solver. In both cases, the changing U
after the Poisson’s block is fed again to the NEGF calcula-
tion and thus simulation runs till all the guessed quantities
are self-consistently converged.
of the electrons due to electron-phonon interactions38.
These scattering matrices are related to the electron
([Gn]) and the hole correlation ([Gp]) functions, given
by
[ΣinS ] = D0 ([G
n(E + hω0)] + [G
n(E − hω0)]) , (6)
with
[ΣoutS ] = D0 ([G
p(E + hω0)] + [G
p(E − hω0)]) , (7)
where D0 is the scattering strength, and ω0 is the phonon
frequency, which in the elastic case dealt with in this pa-
per is taken to be zero. We focus on momentum and
phase relaxation mechanisms36,38 that are phenomeno-
logically modeled via the the scattering strength D0.
Commonly, elastic interactions include phase breaking
processes like momentum relaxation caused by acoustic
phonons, electron-electron scattering and other possible
near elastic processes. The above formalism of varying
D0 is also commonly used as a Bu¨ttiker probe style calcu-
lation to demonstrate the smooth transition from coher-
ent transport to diffusive transport36,38, and serves the
critical purpose of “systematically” adding such phase
breaking processes over the coherent transport layer. The
electron and the hole correlation functions are again re-
lated to the electrons in-scattering and out-scattering
matrices through the equations:
[Gn] = [G][Σin][G†], [Gp] = [G][Σout][G]†. (8)
The complete in-scattering and out-scattering functions
are calculated as:
[Σin] = [ΓH ]fH + [ΓC ]fC + [Σ
in
S ], (9)
and
[Σout] = [ΓH ]fH + [ΓC ]fC + [Σ
in
S ], (10)
where fH(C) is the Fermi-Dirac distribution function of
the hot (cold) contact and ΓH(C) represents the broad-
ening matrix of the hot (cold) contact. The Equations
(4) -(7) are calculated self-consistently with some initial
guess of ΣS . The bias potential and the charging effect
are encapsulated in the matrix [U ]. The electronic charg-
ing effect is calculated using a self-consistent Poisson’s
equation in the transport direction (zˆ), given by
d2
dz2
(U(z)) =
−q2
or
n(z), (11)
where q is the electronic charge, o(r) is the free space
(relative) permittivity. The electron density n(z) along
the transport direction is calculated as,
n(z) =
1
a
∫
Gn(E)
2pi
dE, (12)
where a is the unit length and Gn is the diagonal element
of energy resolved electron correlation function [Gn(E)].
The self-consistent solution of (4)-(12) is used to calcu-
late the currents across two discrete device points i and
i+ 1 as
Ii→i+1 =
iq
h
∫
dE[H(i, i+ 1)Gn(i+ 1, i)
−Gn(i, i+ 1)H(i+ 1, i)], (13)
where, A(i, j) represents the (i, j) element of the matrix
[A] and
IQH =
2
h
∫
dE(E − µH)
× [H(i, i+ 1)Gn(i+ 1, i)
−Gn(i, i+ 1)H(i+ 1, i)], (14)
where IQH is the electronic heat current, originating from
the hot contact . We can then evaluate the Seebeck co-
efficient as:
S =
−GS
G
, (15)
where G is the electrical conductance obtained from (2)
by making ∆T = 0 at a small bias voltage that ensures
the linear response operation. Similarly, from (2), GS is
4(a) (b)
FIG. 3. Color online: (a) Variation of the Seebeck coeffi-
cient as a function of Ef for the 5-barrier NSL (blue curve)
and ARSL (red curve) device configurations. (b) Figure of
merit (zTel) as a function of Fermi level Ef for the 5-barrier
NSL (blue curve) and ARSL (red curve) device configurations.
Plots are sketched for the coherent transport simulation setup.
The Fermi level Ef is represented in the unit of kBT .
obtained by setting ∆V = 0 at a finite ∆T . Likewise
from (3), the quantity GP = IQ/∆V is calculated by
keeping ∆T = 0 and GQ = IQ/∆T when ∆V = 0 are
obtained. Now that we have all the transport coefficients
the electronic thermal conductance is given by
GK = GQ − GPGS
G
. (16)
Using the above calculations of the linear response pa-
rameters via actual current calculations in the presence
of scattering, we now proceed to analyze the thermoelec-
tric performance of various superlattice structures.
III. RESULTS AND DISCUSSION
In the following section, we present the simulation re-
sults of superlattice TE performance parameters in the
linear regime of operation. We will compare notes on how
the elastic carrier scattering influences the TE parame-
ters obtained from the coherent and non-coherent quan-
tum thermoelectric transport methodology. In Tab. I, we
enlist the parameter set for the calculations performed in
this paper.
A. Effect of Fermi Energy on TE Parameters
Figure 3 shows the variation of the Seebeck coefficient,
S and the electronic figure of merit, zTel as a function
of channel Fermi level Ef , when the coherent transport
simulation set up is active (as described in Fig. 2). For
both the SL configurations (NSL & ARSL), the maxi-
mum zTel is found at Ef = 0, as shown in Fig. 3(b), and
thereafter it decreases. Likewise, the Seebeck coefficient
is maximum at zero Ef , shown in Fig. 3(a). This fact can
be argued on the basis of the physics of thermoelectric
transport, where the position of Ef needs to below from
TABLE I. Parameter set used in the calculations
SL Parameters Value Unit
1.) TH 330 Kelvin
2.) TC 300 Kelvin
3.) me 0.07mo kg
4.) δEc 0.1 eV
5.) a (step size) 3.0 A˚
6.) Do (scattering strength) 0.01 eV
2
7.) Well width 6.0 nm
8.) Barrier thickness 4.0 nm
the lower edge of transmission spectra41, to achieve posi-
tive TE transport. In general, the position of Ef governs
the carrier concentration in the channel region, and thus
on increasing Ef (manually, in this work), we force the
semiconductor to be degenerate. Although the electri-
cal conduction is comparatively very close to the metal
in a degenerate semiconductor, the thermopower (S) de-
creases on the same note. The Fermi level Ef position is,
therefore, an essential parameter in determining the TE
performance of the concerned systems.
We infer from the plots in Fig. 3, that there is not
any practical advantage of using ARSL over NSL due
to the inclusion of charging effect, as discussed in our
previous work33. The zTel reaches a maximum value of
3 and ≈ 2.4 in the NSL and ARSL device configura-
tions at zero Ef , respectively. Furthermore, at higher
Ef , the NSL overtakes the ARSL configuration due to
the mismatch of minibands and Fermi window at higher
energies39. Thereby, we can say that by using the opti-
mized superlattice structures, one can achieve a higher
zTel as compared to the bulk TE counterpart.
Now, we incorporate the elastic scattering in our cal-
culations due to the phonon interaction and observe the
variation in results obtained from coherent transport. In
Figs. 4(b) & 4(a), the Seebeck coefficient S and zTel is
plotted respectively as a function of Ef , by enabling the
interaction block as described in Fig. 2, for the 5-barrier
NSL and ARSL configurations. Unlike the plots in Fig.3,
both quantities decrease gradually with the Fermi level,
from the maximum value at Ef = 0. Surprisingly, we
achieve a maximum zTel of 13 and 15 at Ef = 0 (shown
in Fig. 4(b)) for the NSL and ARSL, respectively. This
indicates that when we include the phonon interaction
in electron transport, the TE parameters get improved.
Likewise, the Seebeck coefficient enhances to a value of
760 µV/K in NSL and around 820 µV/K in the case of
ARSL.
B. Scaling Effect
To explore the effect of device length on the TE pa-
rameters, we vary the number of barriers in the central
channel region of the device configurations keeping all the
simulation parameters the same. In Fig. 5, we plot the
figure of merit zTel as a function of the number of barri-
5(a) (b)
FIG. 4. Color online: a) Variation of the Seebeck coefficient
as a function of Ef for the 5-barrier NSL (blue curve) and
ARSL (red curve) device configurations. Here, the plots are
sketched due to the non-coherent carrier transport solved via
the elastic scattering simulation setup. (b) Figure of merit
(zTel) as a function of Fermi level Ef for the 5-barrier NSL
(blue curve) and ARSL (red curve) device configurations. (
The Fermi level Ef is represented in the unit of kBT .
(a) (b)
FIG. 5. Color online: (a) Figure of merit (zTel) as a func-
tion of number of barriers in the central channel region for
the NSL (blue curve) and ARSL (red curve) device configu-
rations when no interaction is subjected. (b) Similarly, zTel
as a function of number of barriers for the NSL (blue curve)
and ARSL (red curve) device configurations when elastic in-
teraction is taken into account.
ers for the coherent and non-coherent electron transport.
We note from Fig. 5(a), that the value of zTel increases
to 2.7 for 2-barrier NSL configuration and thereafter sat-
urates around 2.4, in the case of coherent transport. In
the case of ARSL, zTel remains around 3.2, irrespective
of the device length. We note here, that the use of anti-
reflective layer in the superlattice enhances the figure of
merit by 30%, while ignoring the phonon interaction in
electronic transport. The similar calculation approach,
now enabling the elastic interaction block (Do 6= 0), is
taken to plot the variation of zTel as a function of de-
vice length. From Fig. 5(b), we notice that the figure
of merit zT gets improved in both the cases, contrarily
when Do = 0. The parameter zTel gradually increases
with the device length, but slightly higher in the ARSL
configuration. The maximum numerical value of zTel we
obtain here is approximately 17 & 18 in 8-barrier NSL
and ARSL configurations, respectively. Beyond this de-
vice length, the value gets saturated. This can be un-
derstood by the fact that when we increase the number
(a) (b)
FIG. 6. Color online: (a) Variation of Seebeck coefficient (S)
as a function of number of barriers in the central channel re-
gion for the NSL (blue curve) and ARSL (red curve) device
configurations when no interaction is subjected. (b) Similarly,
S as a function of number of barriers for the NSL (blue curve)
and ARSL (red curve) device configurations when elastic in-
teraction is taken into account.
of barriers in the channel region, the mean free path of
phonons gets diminished19,20,43 and thus doesn’t affect
the flow of electrons through the channel.
Figure 6 shows the variation of the Seebeck coefficient
as a function of number of barriers for the one dimen-
sional transport calculation. From Fig. 6(a), it is evi-
dent that the value of S in NSL configuration is better
than the ARSL configuration when no interaction is in-
cluded. But, taking the elastic scattering into account,
the Seebeck coefficient S enhances in both device struc-
tures, shown in Fig. 6(b). Here, we get an advantage in
the case of ARSL configuration and thus reaches up to a
value of S = 1100 µV/K at 8-barriers. Generically, there
is a reduction in the electronic conduction as we increase
the barriers in the channel; however, the Seebeck coeffi-
cient increases as mathematically observed from the (15).
Thus, there is a trade-off between the electrical conduc-
tance G and the Seebeck coefficient S, when the device
is forced to operate in the non-linear regime.
The above analysis, so far, can also be supported
by the conduction of heat carried out by the electrons
in the device. While lattice phonons also contribute to
the thermal conduction, the superlattice interfaces and
boundaries affect its flow44. Here, we calculate the elec-
tronic part of the thermal conduction, as explained in the
(16), and demonstrate that such interfaces also affect the
electronic heat flow in the presence of elastic scattering.
In Fig. 7, the variation of thermal conduction (GK) as a
function of number of barriers is shown. On comparing
the plots from Figs. 7(a) & 7(b), the thermal conduction
(GK) is greatly reduced by a factor of 10 when we in-
clude the interaction part in the calculations. We also
note from Fig. 7(b) that the GK value is almost zero,
however in the case of ARSL, it approaches as low as
(shown in the inset of Fig. 7(b)), for the 8-barrier device
length. The optimum layer thickness and stoichiometry
proportion of the superlattice structures shrink the mean
free path or wavelength of the heat carriers (i.e. phonons
in semiconductor) imposes an additional resistance to the
6(a) (b)
FIG. 7. Color online: (a) Thermal conductance (GK) as a
function of number of barriers in the central channel region
for the NSL (blue curve) and ARSL (red curve) device config-
urations when no interaction is subjected. (b) Similarly, GK
as a function of number of barriers for the NSL (blue curve)
and ARSL (red curve) device configurations when elastic in-
teraction is taken into account.
(a) (b)
FIG. 8. Color online: (a) TE generator power factor (PF ) as
a function of number of barriers in the central channel region
for the NSL (blue curve) and ARSL (red curve) device con-
figurations when no interaction is subjected. (b) Similarly,
the PF as a function of number of barriers for the NSL (blue
curve) and ARSL (red curve) device configurations when elas-
tic interaction is taken into account.
thermal transport and thus reduces the thermal conduc-
tion.
To benchmark a TE material or device structure, the
quantity power factor (PF= S2G) that defines a practical
application of the TE power generator. For a functional
power generator, one has to look for the maximum power
factor. However, it is challenging to enhance PF with-
out disturbing the other thermoelectric coefficients, as
explained via the inconsistency between S and G. Al-
though it is suggested that in a superlattice where car-
riers are confined within a thin layer (here in the trans-
port direction zˆ) one can enhance the PF15,16. We plot
the variation of PF as a function of number of barriers
in Figs. 8(a) & 8(b) for the coherent and non-coherent
simulation setups, respectively. In both the SL config-
urations, the value of PF decreases with the number of
barriers. Similarly, when the elastic scattering is taken
into account the PF value is reduced by a factor of 10.
This could be understood by rationally observing the re-
duction of electrical conduction in the lengthy device.
The results, particularly those of Fig. 7 and Fig. 8,
elucidate the role of elastic scattering in the drastic re-
duction of electronic thermal conductance, albeit a de-
crease power factor as a result of a corresponding de-
crease in electrical conductance. Coupled with the in-
crease in Seebeck coefficient due to electronic filtering
effects of the ”box car” transmission function, our re-
sults demonstrate the interplay of coherent quantum ef-
fects dictated by electronic filtering along with scattering
effects as a route toward electronic engineering of ther-
moelectric structures. While the presence of interfaces is
known to kill phonon thermal conduction, our analysis
shows that non-coherent processes in superlattice struc-
tures can effectively kill electronic thermal conduction
also.
IV. CONCLUSION
Using the dissipative non-equilibrium Green’s function
formalism coupled self-consistently with the Poisson’s
equation, we reported an enhanced figure of merit zT in
the multi-barrier device designs. The proposed enhance-
ment is a result of a drastic reduction in the electronic
thermal conductance triggered via non-coherent trans-
port. We show that a maximum zT value of 18 can been
achieved via the inclusion of non-coherent elastic scatter-
ing processes in the electron transport. There is also a
reasonable enhancement in the Seebeck coefficient, with
a maximum of 1000 µV/K, which we attribute to an
enhancement in electronic filtering arising from the non-
coherent transport. Distinctly the thermal conduction is
drastically reduced as the length of the superlattice scales
up, although the power factor shows an overall degrada-
tion. We believe that the analysis presented here could
set the stage to understand better the interplay between
non-coherent scattering and coherent quantum processes
in the electronic engineering of heterostructure thermo-
electric devices.
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